The relationship of catalase, cystinase, and deoxyribonuclease activity to toxinogeny in Corynebacterium diphtheriae was examined. Mutants deficient in each activity were isolated after mutagenization of strain C4 with nitrosoguanidine. All mutants were converted to toxinogeny after lysogenization with beta-converting phage, thus establishing that there is no absolute link between toxin production and these enzymatic activities. No differences were observed in the rate of lysogenization of the mutants by beta-converting phage over that of the parental strain. However, the data suggest that catalase mutants lysogenic for beta phage are generally induced at a higher rate than the parental strain after irradiation with ultraviolet light. Cystinase mutants vary widely in their rate of induction whereas the deoxyribonuclease mutants are similar to the parental strain. The relationship of these results to the production of toxinogenic strains is discussed.
The role of toxin in the pathogenesis of Corynebacterium diphtheriae is well established. It is clear that many factors such as converting phage and iron concentration (2) affect toxin production directly. There are in addition other bacterial characteristics that appear to be strongly associated with pathogenic or potentially pathogenic C. diphtheriae. In the present study we have considered whether three of these characteristics, catalase, cystinase, and deoxyribonuclease (DNase) activity are linked to toxinogeny.
Messinova et al. (5) reported that the production of extracellular DNase was correlated with toxinogeny in a variety of serological and colonial types of C. diphtheriae. However, Barksdale (2) cited some unpublished work by Arden indicating that genetically related strains of nontoxinogenic and toxinogenic C. diphtheriae both produced DNase. A similar observation made in this laboratory led to the current investigation.
Cystinase activity, measured by the production of H2S from cystine or cysteine, is routinely used to differentiate C. diphtheriae from "diphtheroids". Moore and Parsons (6) demonstrated that of 716 strains of C. diphtheriae tested all but three were cystinase positive. Porten (8) also reported that 31 of 36 cystinase positive strains isolated from throat cultures were toxinogenic.
The enzyme catalase is one of the heme-containing proteins whose activity has been studied in relation to toxin synthesis. Pappenheimer et al. (7) showed that the Park-William strain 8 of C. diphtheriae, which produces higher yields of toxin than any other known strain, has a catalase content 3 to 4 times that of other strains. On the other hand, Sato and Kato (9) have shown that cells grown in excess iron produce an iron-porphyrin-bound protein with catalase activity which specifically inhibits the in vitro synthesis of toxin.
In the present investigation, catalase, cystinase, and DNase mutants were isolated and the effect of mutation on toxinogeny was determined. The results show that toxinogeny is qualitatively independent of these traits.
MATERIALS AND METHODS
Bacterial strains and phage. C. diphtheriae strains C4( -)tX-, C4(0t)x+, C4(#f)t0x-C4(y)'tx-, C4(y')tx+, and phage # and .8c, a clear plaque mutant of ,8 which is sensitive to ,B repressor, were all taken from the collection at the University of Washington.
All strains were maintained on heart infusion agar and transferred monthly, except for the catalase (cat-) mutants, which were maintained on blood agar medium and had to be transferred twice a month. Cultures were kept at 4 C between transfers. All cultures were grown at 37 C.
Media and tests. Cultures were ordinarily grown in heart infusion broth (Difco) or plated on heart infusion agar (1.5%). Heart infusion broth and agar were also used in all phage methods.
Cystinase production was detected on Tinsdale medium (6) and DNase production on DNase test agar (Difco). Catalase was detected by flooding plates or slants with 3% H202 or by dropping some of the solution on isolated colonies.
Tests for toxinogenicity were performed by the in vitro test as described by Hermann et al. (3) except that in some cases where the strains grew poorly on the Tween glycerine supplement, two ml of bovine serum was used instead. Tests were also performed by the tissue culture method described by Laird and Groman (4) .
Production and isolation of bacterial mutants. The procedure for mutagenization was based on that described by Adelberg et al. (1) using N-methyl-Nnitro-N-nitrosoguanidine. Strain C4(-)'°X-was the primary source of mutants, but a few of the DNase mutants were derived from C4(,)'Ox+ Cells were grown in heart infusion broth to early log phase (1-2 x 108/ml), washed once in tris(hydroxymethyl)aminomethane (Tris)-maleic buffer (pH 6.0) and then treated in buffer with nitrosoguanidine (100 Aig/ml) for 15 to 20 min at 37 C. The cells were washed once with heart infusion broth, diluted in broth to 105 cells/ml and distributed in 1-ml samples to 30 wassermann tubes to facilitate isolation of independent mutants. The tubes were than shaken for 2 h, after which appropriate dilutions were spread on heart infusion agar and incubated overnight.
Using plates with well-isolated colonies, material from each colony was transferred by means of a sterile toothpick to a plate of heart infusion agar, called the master plate, and to DNase agar and Tinsdale medium. The Tinsdale plate was inoculated last by stabbing the agar. Gridded plates were used in these isolations. After 24 to 48 h of incubation the inocula on Tinsdale medium were scored for cystinase activity and then tested for catalase. The DNase test agar plate was flooded with 5 ml of 1 N HCl and scored after a few minutes for the presence (positive test) or absence (negative test) of clearing around the inoculum site. The master plate was retained as a source of material for purification.
Potential mutants were restreaked and retested for their mutant trait three times before being placed in stock. The strains were also confirmed as C. diphtheriae by their typical morphology and sensitivity to , phage. The procedure for isolating lysogenic derivatives and demonstrating lysogeny is described below. No more than one mutant of any type was isolated from any single wassermann tube; therefore all strains probably carried independent mutations.
Phage techniques. Plaque counts were performed by the standard technique by using base plates with 20 to 25 ml of hard agar (1.5%) and a 2-ml overlay of soft agar (0.7%) containing 10-i M CaCl2. Indicator strains were grown to 2 x 106 to 3 x 108/ml, and approximately 0.15 ml was added to the soft agar.
The following method was used to determine the frequency of lysogenization and to isolate lysogenic derivatives of the mutants. Overnight cultures were inoculated into fresh medium, grown to approximately 2 x 108/ml, centrifuged, and resuspended to the same concentration in broth containing 10-s M CaCl2. Bacterial counts were made at this point by using a soft-agar overlay procedure. Stock phage ,B was then added to the broth suspension (multiplicity of infection = 0.1 to 0.5), and after 30 min for adsorption the mixture was diluted 10-3. Thirty minutes later 0.1-ml samples were removed to 2 ml of soft agar containing dc at 107 to 108/ml. The agar was poured over a base plate, allowed to harden, and incubated overnight. Phage fBc destroys nonlysogenic cells while permitting lysogenic cells to reproduce. Control plates were included in each experiment in which the initial culture unexposed to d phage was plated in an overlay containing phage &c. The survival level was always less than 10-2%. The selectivity of the method for lysogenic clones was established in control experiments by plating,-exposed cells in an overlay with ,Sc, isolating the surviving clones, and testing them for lysogeny and toxinogeny. Over 85% of the colonies were indeed lysogenic and toxinogenic. The remainder were apparently sensitive cells which somehow escaped phage action.
To determine the frequency of induction of lysogenic strains, overnight cultures were inoculated into fresh medium and grown to the logarithmic phase.
The cells were diluted in medium to 5 x 107/ml and grown with aeration to 2 x 108/ml. They were then centrifuged, washed once in Tris-maleic acid buffer (pH 6.0), and resuspended in buffer to 108 to 2 x 108/ml. A sample (5 ml) of suspension was pipetted into a glass petri dish and irradiated for 3.5 and 4.5 min with ultraviolet light (Hanovia lamp, 25 W) at a distance of 54 cm while being agitated on a rotary shaker. The irradiated samples and nonirradiated controls were diluted 10-4 and 10-5 in broth and shaken at 37 C. Initial bacterial counts were determined on the unirradiated control immediately after irradiation of the experimental sample, and total infectious centers were determined on both the control and irradiated cultures 30 min later.
In some instances, as during the isolation of lysogenic derivatives of the various mutants, a qualitative test for lysogeny was performed. A soft-agar overlay seeded with indicator strain (C4) was poured over a base plate and allowed to harden. By using sterile toothpicks, a small amount of each colony was transferred to a site on the overlay, after which the plate was irradiated for 15 to 20 s with ultraviolet light. After overnight incubation, a zone of clearing could be seen around the inoculum of a lysogenic strain. Appropriate positive and negative controls were present on each plate.
RESULTS
Mutant isolation and testing. A number of catalase (cat-), cystinase (cys-), and DNase (dns-) mutants were isolated. The rate of recovery of mutants varied somewhat from one experiment to another, but the cys-mutants were the GROMAN AND DEAN easiest, the cat-intermediate, and the dnsmutants the most difficult to isolate (Table 1) . Although many mutants of each phenotype were isolated independently of one another, the lack of a method for genetic analysis of C. diphtheriae precludes determining whether all of the mutations affecting a given phenotype occurred in the same or different genes. It also precludes determining whether any given mutant might be harboring more than one mutation. The fact that a few of the mutants with the same phenotype grow more slowly than others suggests that multiple mutations may be present in some cases.
Lysogenic derivatives of each independently isolated mutant were produced, and the ability of these lysogenic strains to produce toxin was tested by the in vitro and tissue culture methods. The data given in Table 2 for the mutants and their lysogenic derivatives also include the reactions of parental strain C4 and some of its lysogenic derivatives carrying converting or nonconverting phage. The results show that the mutants can be lysogenized and converted to toxinogeny even when the catalase, cystinase, or DNase activities have been lost. Conversely, in the parental strain the three activities remain unaltered whether the strain is toxinogenic or nontoxinogenic. It is clear, therefore, that there is no obligatory link between these activities and toxin production.
Lysogenization and induction of mutants. The possibility that mutation in one of the three traits might have a bearing on the production of toxinogenic strains was also considered. Thus, if a mutation decreased the frequency of lysogenization and conversion by beta phage, this would infer that the wild-type trait might have a selective advantage in the production of toxinogenic strains. A similar inference could be drawn if a decrease in the rate of induction of mutants lysogenized with , phage occurred, since this would reduce the amount of free phage available for conversion.
A comparison was made of the percentage of lysogenization and induction of a number of mutants with that of the parental strain or its 
DISCUSSION
The observations reported in this study show that the ability of a non-toxin-producing strain of Corynebacterium diphtheriae to be converted to toxinogeny is not affected by the loss of either its catalase, cystinase, or DNase activities. There are, of course, other ways in which these activities might affect pathogenicity. It remains to be determined, for example, whether the amount of toxin produced is affected by these traits. We have also speculated that the frequency of conversion of the parental strain and the frequency of induction of its lysogenic derivative might be selectively geared to maximize the production of toxinogenic strains in nature. In view of the results on lysogenization this seems unlikely, since the frequency of lysogenization of the mutant strain is similar to that of parental strain C4. Furthermore, the beta lysogens of most of the mutant strains are induced at a rate equal to or greater than that of the parental lysogen C4(#)'Ox+, a result counter to the hypothesis. Obviously the conditions under which these experiments were done do not mimic the natural conditions in which such events might occur, but given this limited data one would have to rule out a critical role for these traits in the production of toxinogenic strains.
Finally, it is possible that the traits we have studied have no effect on toxinogeny whatsoever, but rather are more critical to the bacterial strain in other phases of the pathogenic process. The relationship of these characteristics of C. diphtheriae to its ability to establish and maintain itself in the human host, including its ability to resist the humoral and cellular defenses of the host, has yet to be studied.
